Estrogens exert pleiotropic effects on multiple physiological and behavioral traits including sexual behavior. These effects are classically mediated via binding to nuclear receptors and subsequent regulation of target gene transcription. Estrogens also affect neuronal activity and cell-signaling pathways via faster, membrane-initiated events. Although the distinction between appetitive and consummatory aspects of sexual behavior has been criticized, this distinction remains valuable in that it facilitates the causal analysis of certain behavioral systems. Effects of neuroestrogens produced by neuronal aromatization of testosterone on copulatory performance (consummatory aspect) and on sexual motivation (appetitive aspect) are described in male quail. The central administration of estradiol rapidly increases expression of sexual motivation, as assessed by two measures of sexual motivation produced in response to the visual presentation of a female but not sexual performance in male Japanese quail. This effect is mimicked by membrane-impermeable analogs of estradiol, indicating that it is initiated at the cell membrane. Conversely, blocking the action of estrogens or their synthesis by a single intracerebroventricular injection of estrogen receptor antagonists or aromatase inhibitors, respectively, decreases sexual motivation within minutes without affecting performance. The same steroid has thus evolved complementary mechanisms to regulate different behavioral components (motivation vs. performance) in distinct temporal domains (long-vs. short-term) so that diverse reproductive activities can be properly coordinated. Changes in preoptic aromatase activity and estradiol as well as glutamate concentrations are observed during or immediately after copulation. The interaction between these neuroendocrine/neurochemical changes and their functional significance is discussed.
Introduction: the distinction between appetitive and consummatory phases of behavior as applied to sexual behaviors and its relationship to the concept of motivation
The distinction between appetitive and consummatory aspects of behavior emerged as a useful explanatory concept when thinking about the neural control of behavior in the early 20th century. It was first clearly articulated by Sherrington who distinguished between "anticipatory" or "precurrent" reactions and "final" or "consummatory" ones when considering the neural control of somewhat complex reflex-like behaviors such as frogs sitting in a steady manner before striking at an insect (Sherrington, 1906) . Craig later made a similar distinction when thinking about an even broader set of behaviors but substituted the word "appetitive" for 'precurrent' (Craig, 1917 (Craig, , 1918 . The pioneers of modern ethology, Konrad Lorenz and Niko Tinbergen, later embraced this appetitive/consummatory distinction in their descriptions of species-specific behavior (Lorenz, 1950; Tinbergen, 1951 ) (see (Ball and Balthazart, 2008; Marler and Hamilton, 1966) ).
In essence, the notion of appetitive behavior was used by these authors to describe the more variable, searching phase of a behavioral sequence. Appetitive behaviors appear more "spontaneous" and less dependent on a clear external triggering stimulus even if their control mechanisms can still be subjected to a precise causal and mechanistic analysis ( (Marler and Hamilton, 1966) , p 18). In contrast, consummatory behaviors encompassed the stereotypic phase that tends to result in the termination of a behavioral sequence.
When considering this distinction in the modern context, it is important to remember why the distinction was made at all and why it was so successful in resolving controversies about the causation of behavior at that time (Marler and Hamilton, 1966) . In the early 20th century the Vitalist-Mechanist controversy was still apparent as some investigators stressed endogenous factors that regulated behavior (i.e., vitalists) and others stressed specific environmental factors (i.e., mechanists). These two different perspectives were championed by Loeb and Jennings respectively (Jennings, 1906; Loeb, 1912) . The separate traditions of Comparative Psychology and of Ethology were also emerging with the psychologists stressing variation in behavior that results from learning (e.g., (Watson, 1913) ) and the ethologists following Heinroth stressing stereotypic patterns of behavior that are species-typical (e.g., (Heinroth, 1911; Schulze-Hagen and Birkhead, 2015) ). Both of these conflicting perspectives on the causation of behavior were resolved to a large extent by Craig observing that many behaviors have an appetitive phase that appears to be spontaneous in most cases and is therefore controlled in a significant fashion by endogenous factors, while the consummatory phase of behavior is reliably elicited by a specific stimulus and is therefore tied to the environment in a clear fashion (Craig, 1918) . Appetitive behaviors are more variable and clearly subject to learning, while consummatory behaviors are stereotypic, species-typical, consistently produced when elicited by the appropriate stimulus and likely tied more closely to gene expression than appetitive behaviors. The concept of an appetitive behavior was thus linked to the idea of motivation from when it was first proposed. Motivation can be operationally defined as a change in behavioral response to a constant stimulus due to a change in endogenous state (Hinde, 1956 (Hinde, , 1959 (Hinde, , 1966 Pfaff et al., 2008) . So, a satiated animal will ignore a food source but a hungry animal will approach and consume it. Appetitive behaviors are cyclic in nature because whether or not they occur is influenced by stimuli encountered in the past. If an animal has not had a drink of water, eaten or copulated in a long period of time it is much more apt to engage in behaviors associated with the search for a water source, a food source or a mate. This is what characterizes appetitive behavior so one can infer that when an animal is engaging in this variable searching phase, the animal is presumably in the appropriate physiological state consistent with a motivational state to pursue a particular goal (which is to engage ultimately in a consummatory behavior).
This dichotomy was introduced by Frank Beach in studies of the neuroendocrine control of sexual behavior who argued that male sexual behavior has arousal and satiety components, comparable to the appetitive and consummatory aspects of behavior articulated by the early ethologists (Beach, 1956) . Arousal involves the pursuit of females and/ or behavioral and physiological responses to cues provided by distant females, and satiety results from the act of copulation itself (Beach, 1956) . The functional outcome of stereotyped consummatory behavior is a reduction in motivation, whereas appetitive behaviors are an expression of sexual motivation (Timberlake and Silva, 1995) .
The value of this distinction has been criticized (Sachs, 2007) : the most frequently stated problem is that the distinction between the two categories is not always clear and the precise point in time when an animal switches from performing an appetitive sexual behavior (ASB) to a consummatory sexual behavior (CSB) is difficult to define and somewhat variable. As argued by Pfaus, appetitive and consummatory behaviors must be considered as a continuous stream of behaviors that focuses on a particular incentive or goal (Pfaus, 1996) . The final goal involves behaviors that require direct contact with the primary incentive (i.e. the female in the case of sexual behavior), so that one can argue that the entire copulatory sequence is part of the consummatory act. Behaviors taking place before this contact of the male with the female is made would be considered appetitive.
This discussion in recent decades of the value of the appetitiveconsummatory distinction parallels the discussion that occurred in the mid to late 1960s between Peter Marler and Robert Hinde. Peter Marler (Marler and Hamilton, 1966) and Robert Hinde (Hinde, 1966) in the mid-1960s both published important reviews of the causes of animal behavior and considered the value of the appetitive-consummatory distinction. Hinde (1966 Hinde ( , 1970 argued strongly for the reasons expressed by Sachs that the distinction was not valuable and that it was often tied to energy models of motivation that are clearly not physiologically relevant. Marler acknowledged Hinde's concerns, pointed out that the distinction is sometimes hard to define and does not apply to all behavioral systems (preening and grooming being a good example), but that it is still very useful in analyzing a wide variety of behaviors, especially ones clearly tied to endogenous changes in physiological state such as feeding, drinking and reproduction ( (Marler and Hamilton, 1966) page 18).
These notions no longer guide most of the research on mechanisms of sexual behavior and are now often considered by textbooks in a historical context only (e.g., (Carew, 2000; Rosenzweig et al., 2004; Zupanc, 2004) ). However, when appropriately understood we argued that these models can be helpful in guiding research on the neuroendocrine controls of sexual behavior and other behaviors (Ball and Balthazart, 2008) . Recent work utilizing transgenic approaches have identified cells in the rat hypothalamus specifically associated with the control of appetitive or consummatory behaviors related to food intake but not both aspects of behavior (Jennings et al., 2015) . These studies further highlight the continuing value of this distinction in facilitating the causal analysis of certain behavioral systems.
During the past two decades, we have utilized measures of appetitive and consummatory behavior in our research on the neuroendocrine controls of sexual behavior in Japanese quail (Coturnix japonica) and this behavioral distinction has allowed us to make significant progress in our mechanistic investigations (e.g., ). As might be expected for functional reasons, i.e., because both aspects of behavior must occur in a coordinated sequence to ensure successful reproduction, the long-term hormonal controls of both types of behavior were found to be similar (Balthazart et al., , 1997a . However, we also demonstrated that closely related neural sites can be shown to be differentially involved in the activation of these different aspects of male sexual behavior Balthazart and Ball, 2007; Taziaux et al., 2006) , as previously observed in rodents (Everitt, 1995; Everitt and Stacey, 1987) . Furthermore, our recent work indicates that locally produced neuroestrogens differentially control the appetitive and consummatory aspect of male sexual behavior, acting with different latencies and also through different cellular mechanisms . We review here these studies focusing mostly on the mechanisms through which neuroestrogens modulate in a rapid manner, via cell membrane-initiated actions, the expression of appetitive sexual behaviors that reflect male sexual motivation.
The quail as a model to study the appetitive-consummatory dichotomy
Japanese quail readily exhibit high rates of copulatory behavior under standardized laboratory conditions, making them excellent subjects for studies of sexual behaviors and their control (Mills et al., 1997 ). Beach and colleagues initiated studies of the endocrine controls of quail sexual behavior in the 1960s (Beach and Inman, 1965; Sachs, 1969) that were followed by the work of Elizabeth Adkins-Regan and her laboratory starting in the 1970s which established basic facts about the hormonal controls of male reproductive behavior in quail (Adkins, 1977; Adkins and Adler, 1972; Adkins and Nock, 1976a) and its sexual differentiation under the influence of ovarian estrogens secreted by the female ovary (Adkins, 1975 (Adkins, , 1978 . She demonstrated for the first time that adult male copulatory behaviors are activated by the actions of both estrogenic and androgenic metabolites of testosterone with estrogens playing the most prominent role in the activation of the copulatory sequence sensu stricto (Adkins, 1977; Adkins et al., 1980; Adkins and Nock, 1976a, b) .
We continued this work characterizing the effects of estrogens on male copulatory behavior in this species starting in the early 1980s and extended these investigations to the analysis of appetitive behaviors reflecting the sexual motivation of the males with the use of two robust behavioral tests: the Learned Social Proximity Response (LSPR) initially developed by Michael Domjan and colleagues (Domjan and Hall, 1986a ) and the Rhythmic Contractions of the cloacal Sphincter Muscles (RCSM) first analyzed by Elizabeth Adkins-Regan and colleagues (Seiwert and Adkins-Regan, 1998; Thompson et al., 1998) .
Several spontaneous behaviors have been considered as measures of ASB in quail but their expression has proved to be too variable to provide reliable indicators of male motivation. In the absence of a female, sexually motivated males produce a loud, broadband, two-to three-syllable vocalization, referred to as the "crow," that has been shown to attract females (Goodson and Adkins-Regan, 1999 ) and can easily be recorded in standardized conditions. However, its occurrence frequency is highly variable among males and between tests within a same male so that this behavior provides a fairly weak indicator of motivation. Similarly, strutting, a sexual display performed by males when presented with a female (Adkins and Adler, 1972; Hutchison, 1978) occurs with frequencies that are extremely variable between males in similar physiological conditions and between tests within the same male. In addition, this behavior occurs before but also after copulation so that its value as a measure of motivation is questionable. For these reasons, the LSPR and RCSM mentioned above have been used as the preferred measures of sexual motivation in male quail as they are easily recorded and provide reliable and reproducible measures of the motivation of a subject.
The learned social proximity response (LSPR)
In the 1980s, Domjan and colleagues discovered that, after a single copulation with a female, a male quail will stand motionless in front of a narrow window providing visual access to a female and stare at this female for hours (Domjan and Hall, 1986a, b) . This response (the LSPR) is a form of associative learning that shares features associated with both classical and instrumental conditioning (see (Domjan et al., 1992) for discussion) and provides a good measure of a male who is focused on pursuing and attaining a female for purposes of copulation, i.e., a male in an appetitive behavioral phase.
In their study, males initially ignored a female when she was placed behind the narrow window in a two-compartment arena but after a single copulation males started spending most of their time (70-90%, up to 14 h a day) in front of the window providing visual access to this or actually to any female (Domjan and Hall, 1986a) . In these behavioral studies, males were spending several days in the test arenas and the number of subjects that could be studied was consequently limited. In order to use this type of measure in neuroendocrine studies, we developed a faster version of this test in which the proximity response is quantified only during a 5-minute period of presentation of the female after the male has been habituated to the test chamber (Fig. 1) . The entire test with this procedure could be completed in 25 min (see for full description). We showed that in these conditions males quickly learned to spend at least two thirds of the test time (200 out of 300 s) in front of the window, if they copulated with the female, but did not develop the response, if no copulation occurred. Once the response was established, it did not extinguish even if free access to the female was no longer provided during over 25 successive tests performed over a period of 5 weeks . This procedure has been used in a suite of experiments characterizing the endocrine and neural controls of sexual motivation in male quail (see next sections).
The rhythmic contractions of the cloacal sphincter muscles (RCSM)
Studies conducted in the laboratory of Elizabeth Adkins-Reagan identified another behavioral procedure that allows measurement of sexual motivation in male quail based this time on a spontaneous (not learned) behavior displayed by males visually exposed to a female (Seiwert and Adkins-Regan, 1998; Thompson et al., 1998) .
Quail regularly contract their cloacal sphincter muscles and these contractions produce a meringue-like foam that is transferred to the female cloaca during copulation which increases the probability of egg fertilization by the sperm (Seiwert and Adkins-Regan, 1998 ). AdkinsRegan and collaborators showed that the occurrence frequency of these contractions of the cloacal muscles (RCSM) greatly increases in males when exposed to a stimulus female but much less so when exposed to another male (Seiwert and Adkins-Regan, 1998; Thompson et al., 1998) . Although naïve males produce this response, the frequency of the contractions is modulated by the birds' past experience. We observed, for example, that RCSM frequency decreases progressively during successive tests in which the male never attains access to the female, presumably due to a lack of sexual reinforcement (Cornil and Ball, 2010) .
The fact that RCSMs are produced by naïve males provides a measure of ASB that solves one potential problem associated with the use of the social proximity response. The LSPR is indeed a response that is learned after reinforcement through copulation. This connection prevents the assessment of ASB in subjects that do not copulate as a consequence of experimental manipulations. Note however that RCSM can be conditioned to an arbitrary stimulus. Males repeatedly exposed to a neutral CS paired with copulatory access to a female progressively learn to express RCSM at the simple view of the CS (Cornil et al., 2004a; Holloway et al., 2005) . This observation provides an additional argument in favor of the appetitive nature of this measure.
3. ASB and CSB are regulated by similar endocrine stimuli consistent with the need for these two aspects of the behavior to be functionally linked
In most species of vertebrates, castration suppresses, or at least greatly reduces, the expression of male sexual behaviors and these behaviors are restored within a few days by a chronic treatment with exogenous testosterone. Quail are no exception to this rule and in this Fig. 1 . Appetitive sexual behavior of male quail as measured by the Learned Social Proximity Response (LSPR) in the fast version of the test during which 6 males are exposed for 5 min to the view of a female before they have an opportunity to copulate with her (E males) or not (C males). In these conditions during phase I of the experiment, E males quickly learned to spend at least two thirds of the test time (> 200 out of 300 s) in front of the window providing a view of the female. They do not develop the response until the first copulation has occurred (indicated by an arrow in the figure) or if copulation is prevented because the female is never released into the male chamber (the 3C males). Once established the response remains stable even if testing is interrupted for a few weeks (phase II of the experiment) or if the female is no longer released into the male chamber so that the behavior is no longer reinforced by copulation (phase 3 of the experiment). Redrawn from data in Balthazart et al. (1995) . species the effects of castration and testosterone are particularly prominent. In many species, testosterone has probabilistic effects on the expression of sexual behaviors in the presence of the relevant stimulus, the female. In quail, the effects of testosterone on these behaviors are almost all or none and appear, at first sight, to be entirely deterministic, which makes Japanese quail an outstanding model species to study the underlying neural mechanisms.
When a gonadally intact male is given free access to a female, he reliably performs a stereotyped sequence of copulatory behaviors during which he grabs the female's neck feathers (neck grab; NG), attempts to mount her (mount attempt; MA), eventually succeeds in mounting (mount; M), and finally apposes his cloaca to the female's cloaca so that sperm transfer can occur (Adkins and Adler, 1972; Hutchison, 1978) . It is often difficult to confirm that successful copulation has taken place and as a consequence researchers usually score what is called the cloacal contact movement (CCM) as a measure of attempts to achieve cloacal apposition. The male will occasionally also perform a pre-(and also often post-) copulatory display called strutting as well as emit the previously mentioned vocalizations named crows.
Early work in the Beach and Adkins-Regan laboratories had demonstrated that all these behaviors completely disappear within a week or two after castration and are restored at essentially the same occurrence frequencies within 2 to 5 days after a chronic treatment with exogenous testosterone (Adkins, 1977; Adkins and Adler, 1972; Beach and Inman, 1965; Sachs, 1969) . We confirmed these extremely robust findings during our initial studies Schumacher and Balthazart, 1983) .
Investigations of the endocrine controls of the two measures of ASB indicative of sexual motivation identified a similar dependency on testosterone action. Domjan (1987) initially demonstrated that males Appetitive and consummatory components of male sexual behavior are activated by the chronic action of testosterone and these effects are blocked if the testosterone treatment is associated with an aromatase inhibitor. A. Aromatase activity increases in the preoptic area within one day after implantation of Silastic™ capsules filled with testosterone (T) and reaches its plateau after approximately 4 days. This increased enzymatic activity is blocked by the aromatase inhibitor ATD (left). Sexual behavior (mount attempts frequencies) increases a few days after the increase in aromatase activity and the behavioral activation is blocked or markedly delayed by ATD (right). B. The Learned Social Proximity Response (LSPR) is acquired by two groups of castrated males treated with exogenous testosterone (tests 1-8, left) but its expression progressively disappears in the group treated with the aromatase inhibitor Vorozole™ (VOR; tests 9-18, right). Note that effects of Vorozole™ were tested almost entirely in extinction mode, i.e., birds were not given access to the female after the visual exposure except during tests 13 and 18. C. Testosterone increases the frequency in Rhythmic Contractions of the cloacal Sphincter Muscles (RCSM) in response to the view of a female (left) but this response is progressively inhibited in males treated with the aromatase inhibitor Vorozole™ (VOR, right). Redrawn from data in Balthazart et al. ( , 1997a and Taziaux et al. (2004) .
who have developed a strong LSPR, while they were raised under long days (16 h of light and 8 h of dark/day or 16 L:8D) and have fully mature testes, progressively stop expressing this response almost completely when moved to a very short photoperiod (2 L:22D) (Domjan, 1987) which causes regression of their testes and of the cloacal gland area, an external index of circulating androgen concentrations (Sachs, 1967) . A transfer back in 16 L:8D restored the response indicating that the birds had not forgotten what they had learned and that they were simply no longer motivated to express the response when their testes were regressed. The specific involvement of testosterone was confirmed in another experiment where males held in short days (2 L:22D) did not express the LSPR but started showing this response soon after receiving a subcutaneous implant filled with testosterone (Domjan, 1987) .
We confirmed the pronounced androgen-dependence of the LSPR when measured by the faster procedure developed in our laboratory. Surgically castrated males never developed the response and if treated with testosterone they only showed the proximity response after they had actually copulated in the test arena .
Similarly, the increase in RCSM frequency of males observed when they are visually exposed to a female is observed in sexually mature males or castrated males treated with testosterone (Thompson et al., 1998) , but is not observed in castrated males that are not treated with exogenous testosterone .
Steroid specificity
Previous work in a variety of vertebrate species had clearly established that the activation of sexual behaviors by testosterone requires the transformation of the steroid into an estrogen, a reaction catalyzed by the enzyme aromatase or estrogen synthase (Balthazart, 1989; Balthazart and Foidart, 1993) . A substantial number of studies have also investigated in quail whether the testosterone-sensitive behavioral responses described before are activated by testosterone itself or by its androgenic or estrogenic metabolites.
Some of the precopulatory behaviors, such as strutting and crowing, were shown to be directly activated by androgens (either testosterone or its androgenic metabolite 5α-dihydrotestosterone) that presumably interact with androgen receptors at the cellular level (Adkins, 1977) . In contrast, the activation of the copulatory sequence sensu stricto (NG-MA-M-CCM) mostly depends on estrogens produced by aromatization in the brain of androgens into estrogens (e.g., 17β-estradiol) (Adkins et al., 1980; Balthazart et al., 2004; Schumacher and Balthazart, 1983) ( Fig. 2A) . As often observed for brain responses to testosterone, there is, however, a synergistic interaction between androgens and estrogens in the control the copulatory sequence; low doses of 17β-estradiol or of 5α-dihydrotestosterone that are almost behaviorally inactive by themselves induce a substantial level of behavioral activity if given concomitantly to castrated males (Absil et al., 2001a; Adkins and Pniewski, 1978; Balthazart, 1989) .
We also analyzed the steroid specificity pattern related to the activation of the two sexually motivated responses used to assess ASB: the LSPR and RCSM. The LSPR never developed in castrated males but it was acquired if these males received a systemic treatment with testosterone or an estrogen (e.g., 17β-estradiol or the synthetic estrogen diethylstilbestrol) . This finding suggested that testosterone needs to be converted into an estrogenic metabolite to activate this response. This notion was supported by the demonstration that daily injections of the antiestrogen tamoxifen or of the aromatase inhibitor R76713 (racemic Vorozole™; (Balthazart et al., 1997a) ) progressively inhibited expression of the LSPR that had been previously acquired in castrated males treated with exogenous testosterone; the LSPR declined to the low levels characteristic of castrates after about 2 weeks of treatment (Balthazart et al., 1997a) (Fig. 2B) .
Because the LSPR does not develop in male quail if they do not copulate (e.g., if they are castrated; see previous section), this investigation of the effects of estrogens could only be performed in an extinction mode. During the test period, testosterone was still administered and most of the tests took place under conditions where the LSPR was no longer reinforced by an opportunity to copulate with the female, i.e., the door providing physical access to the female remained closed. Our previous work had shown that in these conditions (without reinforcement) the LSPR was still expressed at the same level for over 25 tests spread over a 5 weeks period . In this way, effects of the inhibition of estrogen action or production could be tested in a more specific manner where the birds only rarely experienced the possible negative effects of their inability to copulate with the female. The effect of the antiestrogen, tamoxifen, was tested during 10 tests in extinction mode. The treatment produced some decrease in the average level of LSPR expression associated with a large inter-individual variation, but this effect was not significant. Four additional tests with free access to the female were then performed and it appeared that the LSPR was inhibited only in those subjects where copulatory behavior had also been inhibited .
The effect of aromatase inhibition by Vorozole™ was tested after the acquisition of the LSPR. Ten tests were performed during which males treated with the aromatase inhibitor had free access to the female (the door was open) only in every fifth test. In these conditions a progressive inhibition of the LSPR was observed and it became statistically significant during the 5th test i.e., immediately before males had a chance to assess their ability to copulate with the female (Balthazart et al., 1997a) . It should also be noted that during this 5th test, 13 out of the 14 males treated with testosterone plus Vorozole™ still copulated with the female so that it can be argued that the inhibition of the LSPR indicative of ASB resulted directly from the blockage of estrogens production rather that from an indirect effect of the inhibitor on copulatory behavior. This conclusion remained however based on relatively indirect evidence but it could be tested more directly by the analysis of the endocrine specificity of the RCSM activation, a response that is expressed even by naïve males in the absence of any opportunity to copulate with a female.
Therefore, we investigated the role of testosterone aromatization in the activation of another index of ASB, the female-induced RCSM. Castrated male quail were treated with Silastic™ implants filled with T in association with chronic injections of the aromatase inhibitor Vorozole™ (1 mg/kg twice a day; CX + T + VOR group). Control birds were implanted with T capsules only (CX + T group). Copulatory behavior was almost completely blocked by injections of the aromatase inhibitor. The RCSM frequency decreased progressively in the CX + T + VOR group by comparison with the CX + T group and was significantly reduced at the end of the experiment after six tests performed over a period of 25 days (Taziaux et al., 2004) (Fig. 2C) .
Together, these experiments demonstrated that appetitive and consummatory aspects of male sexual behavior in quail are activated by testosterone acting through its estrogenic metabolites. This similarity in endocrine specificity might have been expected from an evolutionary point of view: it makes sense that a group of behaviors that must occur in sequence in order to culminate in successful reproduction have evolved to be controlled by the same endocrine mechanisms.
Neuroanatomical specificity in the action of sex steroids on ASB vs. CSB

Sex steroids implanted in POM activate both CSB and ASB
The neural sites of action of testosterone action on male sexual behavior are well characterized in quail. Initial work in the AdkinsRegan laboratory demonstrated that implantation of testosterone in the preoptic area of castrated male quail activates copulatory behavior (Watson and Adkins-Regan, 1989a) . We identified in the medial preoptic area of quail a dense cluster of neurons corresponding to the medial preoptic nucleus (POM) of pigeons that is significantly larger in males than in females (Viglietti-Panzica et al., 1986 ). This nucleus is sensitive to circulating testosterone concentrations: its volume decreased after castration and was restored by treatments with exogenous testosterone (Panzica et al., 1987) . We therefore tested whether this nucleus was specifically implicated in the testosterone-induced activation of male copulatory behavior.
In castrated males treated with Silastic™ implants containing testosterone, electrolytic lesions of the POM completely suppressed copulatory behavior but lesions of the surrounding POA were ineffective (Balthazart and Surlemont, 1990b) . Conversely, stereotaxic implants filled with testosterone reliably activated all aspects of copulatory behavior in castrated males if their tip was located within the boundaries of the POM, but not if it was located in the adjacent preoptic area (Balthazart and Surlemont, 1990b; Balthazart et al., 1992) . Testosterone action in the POM is thus sufficient to activate copulatory behavior in adult male quail even if additional brain sites in the central nervous system are obviously implicated Balthazart and Ball, 2007; Wild and Balthazart, 2013) .
Because testosterone activates copulation via its estrogenic metabolites and aromatase activity and estrogen receptors alpha and beta are expressed in high concentration in the POM (Balthazart et al., 1989b; Foidart et al., 1999; Foidart et al., 1995; Watson and AdkinsRegan, 1989b) , it was hypothesized that T actually is aromatized and estrogens act in this nucleus to activate sexual behavior. A suite of experimental studies confirmed this notion by stereotaxically implanting estrogens, aromatase inhibitors or antiestrogens in the medial part of the preoptic area. As expected, implants containing estrogens (estradiol or diethylstilbestrol) activated copulatory behavior in castrated quail Watson and AdkinsRegan, 1989a) , while implantation of aromatase inhibitors (androstatrienedione, ATD or Vorozole) or of an antiestrogen (tamoxifen) inhibited the sexual behavior activated in castrates by a systemic treatment with testosterone Watson and Adkins-Regan, 1989c) .
These studies indicated that testosterone aromatization and estrogen action related to the activation of male copulatory behavior take place in the preoptic area and more specifically in the POM. In addition, one study tested whether preoptic implantation of testosterone in castrated males is sufficient to restore ASB (Riters et al., 1998) . Castrated males with testosterone implanted within the POM were able to establish the LSPR and displayed female-induced RCSMs although at a lower rate than gonadally intact males. However, data have been collected suggesting that the brain sites controlling ASB and CSB are not completely identical even if they overlap to some extent (see Section 5.1).
Effects of brain lesions
One series of experiments based on discrete electrolytic lesions was carried out in an attempt to precisely identify the specific sites implicated in the control of ASB and CSB. Small electrolytic lesions were aimed at the POM or at the Bed Nucleus of the Stria Terminalis (BST) in castrated males treated with Silastic™ implants filled with testosterone and these birds were then tested for copulatory behavior, RCSM and the LSPR that had been acquired before placement of the brain lesions. The lesions were then accurately located in sections immunostained for aromatase, which is a clear marker of both the POM and BST .
Lesions of the BST partially inhibited the expression of CSB without affecting the LSPR. Lesions of the POM abolished consummatory sexual behavior and also markedly decreased both the expression of the LSPR but the effect of the POM lesions on the expression of the LSPR was much more variable than the effects on CSB. In order to identify the origins of this variance, behavioral effects were systematically compared in a semi-quantitative manner to the specific lesion sites. This analysis revealed that the two components of male sexual behavior are differentially affected by lesions of different subregions of the POM. Lesions affecting primarily the caudal POM approximately at the level of the anterior commissure resulted in the complete inhibition of consummatory sexual behavior (with little or no decrease in the social proximity response), whereas damage to the rostral part of the POM selectively inhibited the LSPR indicative of ASB.
This suggested that ASB and CSB might be controlled by slightly different sub-regions of the preoptic area. To further test this idea, the effect of POM lesions on RCSM was also assessed in a fraction of these experimental subjects . A profound inhibition of RCSM frequency was observed in subjects with a POM lesion, but unfortunately the number of subjects available in this part of the study was not sufficient to confirm the anatomical specificity in the control by POM subregions of the ASB versus CSB.
Fos studies
This anatomical specialization in the POM in the control of appetitive and consummatory sexual behavior was, however, supported independently by a study of the induction of the immediate early gene fos observed after males had expressed either the full copulatory behavior or had been visually exposed to a female and produced numerous RCSMs (Taziaux et al., 2006) . Males who had copulated freely with a female during a 5 min test displayed an increased expression of the FOS protein throughout the rostro-caudal area of the POM. In contrast, males that had only had visual access to the female and had, in response, produced a large number of RCSMs displayed increased FOS expression in the rostral POM only.
Together these data support the idea that the preoptic region, and the POM more specifically, plays a key role in the regulation of motivational as well as performance aspects of male sexual behavior by testosterone and its estrogenic metabolites locally produced in the preoptic area. The endocrine specificity in the activation of these two aspects of behavior seems similar but slight differences might exist in the neuroanatomical sites that are implicated. This neuroanatomical functional specialization might be mediated by a differential connectivity of the different subregions, in particular their relationships with the dopaminergic cell groups, and/or by a differential expression of sex steroid receptors. We considered these possibilities in a previous review of our work but in short no such anatomical specialization has been identified so far. In particular tracttracing studies of the catecholaminergic projections to the POM (Balthazart and Absil, 1997) and of the POM projections to the periaqueductal gray (Absil et al., 2001b; Carere et al., 2007) never identified major differences in connectivity between the rostral and caudal POM. Subtle differences may however have escaped detection since it is notoriously difficult to assess connectivity in a quantitative manner by tract-tracing. Similarly our study of the expression of sex steroid receptors (androgen receptors and estrogen receptors of the alpha and beta subtype) along the rostro-caudal axis of the POM (Voigt et al., 2009 ) never detected a difference in expression that could explain the differential role of the rostral and caudal POM in the control of appetitive and consummatory sexual behavior. However, it is clear that projections from the POM to the ventral tegmental area (VTA) are important for the activation of male-typical sexual behaviors (Iyilikci et al., 2016) . Double-label tract tracing studies after the retrograde tracer BDA was injected into the VTA revealed that there were many POM to VTA projecting cells expressing the immediate early gene fos when males engaged in socio-sexual behaviors as compared to control conditions (Iyilikci et al., 2016) .
Membrane action of neuroestrogens rapidly activate ASB
All studies reviewed so far had tested behavioral effects of steroids C.A. Cornil et al. Hormones and Behavior 104 (2018) 15-31 after periods of exposure ranging from a few days to a few weeks. Accordingly, our work on quail and work by others in other species indicated that the preoptic aromatase activity was regulated by testosterone over a similar time course. The first significant increase in preoptic aromatase activity after treatment of a castrated male quail with testosterone was observed after 16 h but it took a couple of days before this effect reached its maximal level . However, we serendipitously discovered that brain aromatase activity can be more rapidly modulated by calcium-dependent phosphorylations (Balthazart et al., , 2003 that are presumably under the control of changes in neurotransmission . This suggested that the production and concentration of estrogens in the brain (neuroestrogens) could change more rapidly than initially anticipated and this prompted us to test whether effects of neuroestrogens on male sexual behavior could also be more rapid. Estrogens have been considered for a long time as chemical signals modulating brain activity through the binding to intracellular receptors acting as transcription factors regulating the transcription of specific genes (Etgen and Pfaff, 2009; McEwen, 1981; Tsai and O'Malley, 1994) . This mode of action is in essence relatively slow and the first physiological or behavioral responses cannot be observed less than a few hours after the access of the steroid to its functional target. However, it was discovered in 1976 that estrogens are able to modify the electrical activity of neurons within seconds after their application, which essentially ruled out the possibility of a classic steroid receptor-mediated effect on protein synthesis (Kelly et al., 1976) and in the 1980s and 1990s evidence progressively accumulated showing that, besides their classical slow effects presumably mediated by changes in transcription, estrogens also exert a variety of faster effects mediated by other mechanisms (for additional discussion see: Kelly and Ronnekleiv, 2002; McEwen, 1994; McEwen and Alves, 1999; Ramirez et al., 1996; Ronnekleiv and Kelly, 2009; Schumacher, 1990) . Interestingly, these faster effects of estrogens also seemed to concern the control of behavior (see (Cornil et al., 2012) for review). In particular, one study on rats demonstrated stimulatory effects of estradiol (E2) injections on the expression of male sexual behavior after latencies of 20-30 min (Cross and Roselli, 1999) . We therefore decided to investigate whether the rapid changes in brain aromatase activity that had been identified in the quail preoptic area had an impact on the expression of male sexual behavior.
We initially assessed the effects of a single intraperitoneal (i.p.) injection of E2 in castrated male quail primed with a sub-threshold dose of testosterone that was unable by itself to restore the full copulatory behavior. The injection of 0.5 mg/kg of E2 increased the rate of mount attempts and cloacal contact movements in tests performed 15 min later but the effect was no longer significant at 30 min (Cornil et al., 2006a) . Conversely, the acute inhibition of aromatase activity in gonadally intact males or castrated males chronically treated with a high concentration of testosterone by a single i.p. injection of the non-steroidal aromatase inhibitor Vorozole™ decreased within 30-45 min the frequencies of copulatory behaviors as well as the expression of two measures of ASB known to depend on testosterone aromatization: the LSPR and the frequency of RCSM (Cornil et al., 2006b) . Effects on these measures of ASB had interestingly a larger magnitude and were more reproducible than effects on measures on the copulatory behavior itself. An injection of the steroidal aromatase inhibitor ATD, which is acting by a different molecular mechanism, induced a similar but weaker inhibition of RCSM frequency (Cornil et al., 2006b) . In general, the effects of the acute manipulation of estrogen availability had however a limited amplitude and were poorly reproducible which was possibly due to the dilution of the injected compounds in the entire body of the subject and the somewhat variable latency between the intraperitoneal injections and the establishment of maximally active concentrations in the target brain structure (Cornil et al., 2006a, b) . In an attempt to overcome these limitations, additional experiments were undertaken where treatments modulating estrogen synthesis or action were applied by injections through an intracerebroventricular (i.c.v.) cannula located in the third ventricle.
A first set of experiments was performed on castrated males that were chronically treated with testosterone associated with i.p. injections of Vorozole™ administered twice daily for the duration of the experiment. This treatment allowed expression of the full range of androgenic effects of testosterone, while profoundly limiting effects of its estrogenic metabolites and, as anticipated, copulatory behavior and RCSM frequency were in these conditions eliminated or drastically reduced. In these males, the i.c.v. injection of 50 μg of E2 increased within 15-30 min the expression of sexual motivation, as assessed by the two measures of ASB (LSPR and RCSM) expressed in response to the visual presentation of a female (Seredynski et al., 2013) . The short latency of these effects on ASB suggested an action that was not mediated by an interaction with estrogen receptors acting in the nucleus, which was confirmed by the observation that a similar i.c.v. injection of E2 coupled to bovine serum albumin (E2-BSA), a membrane-impermeable analog of E2, produced a similar increase in the RCSM occurrence frequency. However, quite surprisingly, the sexual performance (i.e. copulatory behavior sensu stricto) was not increased in these conditions suggesting that the slower transcriptional activity of estrogens was possibly required to activate this aspect of sexual behavior (Kow and Pfaff, 2004; Vasudevan et al., 2001; Vasudevan and Pfaff, 2008 ) (see also discussion in the next section). Another set of experiments was then performed on castrated males treated with testosterone to restore full copulatory behavior and test the effect of acutely blocking estrogen synthesis or action on both aspects of sexual behavior (Fig. 3) . In these animals, blocking the production of estrogens by a single i.c.v. injection of the aromatase inhibitor Vorozole ™ (VOR) decreased both the LSPR (measured here by the time looking at the female) and the RCSM frequency (Fig. 3A-B) within 30 min after the injection again without affecting copulatory performance (Seredynski et al., 2013) . The specific link between the behavioral inhibition and the depletion of endogenous estrogen production was confirmed by the demonstration that the inhibition of RCSM or LSPR induced by a single injection of Vorozole™ was blocked if birds were injected 15 min earlier with E2 ( Fig. 3A-B) . Moreover, E2-biotin, another membrane-impermeable analog of E2 produced the same effect as E2 indicating that this response relied on the activation of a membraassociated receptor (Fig. 3E) (Seredynski et al., 2013) .
Two different aromatase inhibitors acting by different mechanisms (Vorozole or ATD) similarly decreased sexual motivation as measured by RCSM within 30 min after the injection again without affecting copulatory performance (Fig. 3F) and a single i.c.v. injection of an antiestrogen (tamoxifen or ICI 182,780) also significantly decreased the expression of RCSMs after 15 or 30 min (Fig. 3G) (Seredynski et al., 2013) . Together these two sets of experiments indicated that estrogens either injected directly or derived from local testosterone aromatization (neuroestrogens) modulate in a rapid manner behaviors reflecting sexual motivation without changing sexual performance.
How can motivation be inhibited and performance remain intact?
Together, these data demonstrated that centrally administered E2 or E2 locally produced in the brain rapidly stimulates sexual motivation in male quail as measured by two appetitive sexual behaviors the LSPR and RCSM but quite surprisingly these treatments did not affect the expression of the copulatory sequence: there was no stimulation following E2 administration and no inhibition after injection of antiestrogens or aromatase inhibitors.
One potential explanation for this striking discrepancy between rapid effects of estrogens on ASB and CSB could be related to the conditions in which these behavioral tests had been performed. Copulatory behavior had indeed been quantified in a relatively small arena (60 × 40 cm) where males and females were in such close proximity that males could perform the copulatory sequence in an almost "reflexive manner" without having to search for and pursue the female (i.e., without the need for expressing appetitive sexual behaviors). A simple contact occurring by chance between the male and the female would "automatically" trigger the performance of the motor copulatory sequence.
We tested this hypothesis by investigating once again the rapid effects on copulatory behavior of an i.c.v. injection of an estrogen receptor antagonist (Tamoxifen and ICI 182,780) or aromatase inhibitor (ATD and Vorozole™) in another group of birds but now they were tested in a larger arena (90 × 90 cm). In these conditions, all 4 compounds decreased the occurrence frequencies of cloacal contact movements (CCM, the end of the copulatory sequence) and this decrease was statistically significant with all drugs except ICI 182,780 (Seredynski 
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et al., 2013). Because this difference in CSB inhibition could relate to the group of birds tested rather than to the size of the arena, we finally assessed sequentially in the same group of subjects the effects of a single injection of the aromatase inhibitor Vorozole™ coupled or not to an injection of exogenous E2 on the expression of RCSM and of the copulatory sequence quantified on separate days in the large and in the initial small arena. As observed before, Vorozole™ inhibited the expression of RCSM and this behavior was not inhibited if the Vorozole injection was followed by an injection of E2. These treatments had again no effect on CCM frequency when measured in the small arena, but in the large arena where the female could easily escape the male if he was not motivated to follow her, Vorozole inhibited CCM and this effect was blocked by E2 ( Fig. 3C-D) (Seredynski et al., 2013) . These data thus demonstrate that the acute blockade of neuroestrogen production also inhibits CSB but only in contexts where males must be sexually motivated and actively chase the female to be able to mate.
Identification of the membrane estrogen receptor(s) implicated in the rapid activation of sexual motivation
The short latency of the behavioral responses observed after acute injections of E2 and the fact that they could be mimicked by E2-BSA and E2-biotin indicated that the observed changes in behavior were membrane-initiated responses. This begged the question of the type of receptor(s) involved. Several estrogen receptors (ER) acting at the cell membrane (mER) have been identified or their existence suspected based on pharmacological or functional evidence. These receptors include G-protein coupled receptors such as G-protein coupled estrogen receptor 1 (GPER1; formerly known as GPR30 (Filardo and Thomas, 2005) ) or Gq-mER (Roepke et al., 2009 ), but also the classical nuclear estrogen receptors ERα and ERβ that have been shown to be able to translocate to and exert functional signaling at the cell membrane (Micevych and Dominguez, 2009 ). The existence of an additional mER, labeled ER-X, has also been postulated based on its unique functional and pharmacological properties (Toran-Allerand et al., 2002) but its existence has not been confirmed to this date.
Multiple experiments using known agonists and antagonists for these receptors were therefore performed in an attempt to identify the receptor(s) involved in the rapid control of sexual motivation, as measured by RCSM frequency in male quail (Seredynski et al., 2015) . As we did in previous experiments, these drugs were injected through a cannula implanted in the third ventricle. Antagonists to mERs were injected into castrated males treated with testosterone, while agonists were injected to castrates treated with testosterone that had just before received an acute injection of the aromatase inhibitor Vorozole™ to transiently suppress estrogen bioavailability.
The acute inhibition of aromatase by Vorozole™ produced the largest inhibition of the RCSM frequency when tests took place 30 min after the injection and this effect could be rescued by an injection of E2 15 min before the test. Using the same temporal paradigm, the ERβ-specific agonist diarylpropionitrile (DPN), prevented the Vorozole™-induced inhibition when injected at doses ranging from 2 to 50 μg/bird. However, the agonists of ERα (PPT), of GPR30 (G1), and the Gq-mER (STX) did not rescue the response inhibited by Vorozole™ suggesting that these receptor types are not implicated in the membrane-initiated activation of sexual motivation. 17α-E2, possibly acting through ER-X only had a marginal stimulatory effect in this procedure. The Vorozole™-induced behavioral inhibition was only partially counteracted by 17α-E2: the Vorozole™-induced inhibition was no longer significant in the presence of 17α-E2 but there was also no significant difference between the Vorozole™ and the Vorozole™ + 17α-E2 conditions (p = 0.069) (Seredynski et al., 2015) . Specific antagonists are not available for all these receptors but the injection of MPP (4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride; 50 μg), an antagonist of ERα or of G15 (50 μg), the antagonist of GPR30, did not inhibit RCSM expression in agreement with the lack of stimulatory effect of the corresponding agonists.
In rodents, estrogens binding to membrane-associated ERα or ERβ activate cellular responses through the transactivation of associated metabotropic glutamate receptors (mGluRs) (Dewing et al., 2007; Meitzen et al., 2013; Meitzen and Mermelstein, 2011) . Therefore, we investigated the possible involvement of mGluRs in the acute behavioral response presumably mediated by the binding of E2 to membrane ERβ (Seredynski et al., 2015) . We first tested the behavioral effects of a single i.c.v. injection of specific antagonists of the different mGluR subtypes. An acute injection of 100 μg LY367385, an mGluR1a antagonist, significantly inhibited sexual motivation quantified 30 min later but the mGluR2/3 (LY341495) and mGluR5 (MPEP) antagonists were ineffective at the same dose. Although it suggested a possible role of mGluR1a in the control of sexual motivation, this experiment did not demonstrate an interaction with an E2 action through an mER. Therefore, a final set of experiments was carried out to test specifically this idea by combining injection of the mGluR1a antagonist with injections of E2 or DPN. In these studies, we confirmed that LY367385 is able to completely block the behavioral restoration of RCSM frequencies induced by E2 or DPN following their acute inhibition by Vorozole™ (Seredynski et al., 2015) . These data thus show that the transactivation of mGluR1a is actually a downstream event that takes place after the activation of the ERβ.
Together, these results show that membrane ERβ plays a key role in the control of sexual motivation by estrogens and that the cooperation between mERs and mGluRs uncovered in female rodents (Meitzen and Mermelstein, 2011 ) is functional in male quail where it mediates the acute effects of estrogens. This identification of an ER-mGluR interaction in birds also suggests that this type of mechanism emerged relatively early in vertebrate history and is well conserved.
Implication of dopamine
Research in our laboratories has shown, in parallel, that expression of male sexual behavior in quail is modulated by dopamine as also observed in mammals (Hull and Rodriguez-Manzo, 2009; Hull et al., 2005) . Pharmacological manipulations with agonists and antagonists of dopamine receptors affect in a specific manner the expression ASB and CSB (Absil et al., 1994; Balthazart et al., 1997b; Castagna et al., 1997; Kleitz-Nelson et al., 2010a) . The POM also receives projections from most catecholaminergic cell groups (Balthazart and Absil, 1997; Balthazart et al., 1994) and this nucleus expresses dopaminergic Kleitz et al., 2009 ) as well as noradrenergic (Ball et al., 1989; Balthazart et al., 1989a) receptors. There is an increased expression of the immediate early genes fos and Zenk in these catecholaminergic cells in males that recently expressed male copulatory behavior (Charlier et al., 2005; Iyilikci et al., 2014; Meddle et al., 1997) . Furthermore, in vivo microdialysis studies showed that male quail visually exposed to a female display an increase in extracellular concentration of dopamine in the POM and this release is actually predictive of whether the male will copulate or not with the female when she is released into his cage (Kleitz-Nelson et al., 2010b, c) .
One appealing way in which fast actions of estrogens might regulate appetitive sexual behaviors is via cells that project from the POM to the VTA. As noted previously these projection cells express fos when males engage in sexual interactions with females as compared to control conditions (Iyilikci et al., 2016) . Recently we found that when the VTA and the POM were inactivated in a contralateral manner (though not when inactivated ipsilaterally) via the infusion of the GABAa agonist muscimol, appetitive behaviors were selectively blocked but not consummatory behaviors (Iyilikci et al., 2016) . These data thus functionally implicate the projections from the POM to the VTA in the regulation of motivated appetitive sexual behaviors in male quail and provide support for the hypothesis that the fast actions of estrogens in the POM on appetitive sexual behaviors are via cells that project to the VTA.
It is conceivable that one way through which E2 rapidly and specifically affects ASB is via the induction of dopamine release in the POM but this idea was never formally tested although experiments along those lines are currently in progress in our laboratories. It would also be important to determine whether E2 injected in the third ventricle only acts in the POM to activate expression of ASB and/or has direct actions on catecholaminergic cell groups (e.g., the ventral tegmental area or the periaqueductal gray) also located along the ventricles.
The source of rapid changes in neuroestrogen concentrations
The behavioral studies described so far clearly indicate that estrogens are able to modify in a rapid manner, within 15 to 30 min, the expression of behaviors reflecting the sexual motivation of male quail. As a consequence copulatory performance is decreased if behavior is tested in conditions where the male has to actively pursue the female to be able to copulate, but it does not seem that there is a direct rapid action of estrogens on the consummatory aspects of sexual behavior per se. These findings raise the obvious question of what is the physiological mechanism mediating these rapid changes in behavior in physiological conditions, i.e. when estrogens are produced by physiological mechanisms instead of injected by the researcher.
A brief pulse of estrogenic signaling can in theory be generated by a pulse in estrogen secretion, a transient decrease in estrogen catabolism or a transient increase in receptor availability or receptor coupling to its downstream signaling cascade. No evidence is to our knowledge available for the last three of these options, but there are now wellestablished mechanisms that could mediate rapid changes in estrogen secretion.
A pulse in estrogen secretion could first be the result of a rapid increase in plasma testosterone thus providing more substrate for the preoptic aromatase working at steady state. Rapid increases in plasma testosterone following interactions with a female have indeed been observed in a variety of species (Cornil et al., 2012) . However in quail two independent studies showed that plasma testosterone concentrations drop after sexual encounters and additionally these changes do not seem dynamic enough to drive the rapid behavioral effects of estrogens de Bournonville et al., 2013 ). An alternative explanation thus seems necessary.
During preliminary studies investigating the optimal conditions to assay aromatase activity in vitro , we serendipitously discovered that the quail preoptic aromatase activity is inhibited rapidly (within 5-15 min) by increased but physiological concentrations of adenosine triphosphate (ATP) and divalent cations (Ca 2+ and Mg 2+ ) which are classically considered as conditions enhancing the phosphorylation of proteins (Hemmings et al., 1989; Nestler and Greengard, 1999) . The involvement of phosphorylation processes was clearly demonstrated by the facts that this decrease in enzymatic activity induced by ATP/Mg 2+ /Ca 2+ was blocked by kinase A or C inhibitors (Balthazart et al., , 2003 . This type of regulation is also consistent with the presence of multiple phosphorylation consensus sites including sites corresponding to the specificity of protein kinases A and C in the aromatase protein sequence (Balthazart et al., 2003; Charlier et al., 2011a) . Prominent decreases in aromatase activity were also observed in various cell lines (HEK293, Neuro2A and C6) transfected with human aromatase following depolarization by KCl. This decrease was blocked by kinase inhibitors and the activity was fully restored at wash-out (Charlier et al., 2011a) . Importantly all these changes in enzymatic activity took place in the absence of detectable changes in the concentration of the enzymatic protein as demonstrated by Western blot. Therefore, enzymatic changes presumably resulted only from protein phosphorylations. Two types of experiments then showed that the aromatase protein itself is phosphorylated in these conditions: transfer in phosphorylating conditions of HEK293 cells expressing human aromatase inhibited the enzyme activity and enhanced the incorporation of P 32 -ATP as well as the concentration of phospho-serine on the aromatase-immunoreactive band of Western blots (Charlier et al., 2011a) . Similar fast down-regulations of aromatase activity (within 5 min) were also detected in preoptic/hypothalamic blocks (HPOA) maintained in vitro for a few hours in which the enzymatic activity was quantified every 5 min by measuring the release of the tritiated water produced during aromatization of [1β 3 -H]-androstenedione . These decreases in enzyme activity could be triggered by KCl-induced depolarization (presumably resulting in intracellular Ca 2+ influx) or by exposure to the glutamate receptor agonists Kainate or AMPA (α-amino-methyl-4-isoxazole propionic acid) (Balthazart et al., , 2003 . These inhibitions were fully reversible after washout and the kainate-induced inhibition was blocked by the pre-incubation with antagonists of the receptor . Because aromatase-expressing cells are directly sensitive to kainate and AMPA, as demonstrated by electrophysiological studies (Cornil et al., 2004b) , these effects on aromatase activity are presumably direct and do not involve trans-synaptic controls.
Altogether, these results demonstrate that rapid inhibitions of preoptic aromatase activity take place in vitro presumably via Ca 2+ -dependent phosphorylations of the enzyme, themselves mediated by neurotransmitter (glutamatergic) activity. These changes in activity of estrogen synthase could thus represent a mechanism producing rapid changes in brain estrogen concentrations mediating the rapid effects of estrogens on sexual motivation. We tested this idea by first measuring whether the expression of sexual behavior would affect aromatase activity in blocks of tissue containing the whole hypothalamus and preoptic area collected immediately after a behavioral test. A decrease in activity was detectable after 1 min of interaction with a female that reached its maximum after 5 min and then returned to control levels after 15 min of interaction .
Subsequent experiments asked the same question but with a more specific neuroanatomical focus by measuring changes induced by sexual interactions specifically in nuclei showing a dense expression of aromatase that were dissected by the Palkovits punch technique (Palkovits, 1973) adapted for quail brain Schumacher and Balthazart, 1987) . Aromatase activity in the tuberal hypothalamus was already significantly decreased (−25%) after 2 min of interaction. After 5 min, a marked decrease was additionally detected in the POM. Maximal inhibitions (40%) were observed after 15 min of sexual interactions and no significant change was detected in the other aromatase-positive brain regions including the ventromedial hypothalamus (VMH), the nucleus taeniae of the amygdala, the periaqueductal gray and the bed nucleus of the stria terminalis (BST) although a transient non-significant average decrease was seen in this last case at the 5 min time point (de Bournonville et al., 2013) .
We also considered whether the simple visual exposure to a female and the expression of RCSM would have a similar effect on aromatase activity measured post mortem but no significant reduction of enzymatic activity could be identified with the exception of a transient change in the bed nucleus of the stria terminalis after 2 and 15 but not after 5 and 10 min of exposure to the female, which makes these observations difficult to interpret (de Bournonville et al., 2013) . The decrease in aromatase activity thus seems to occur mostly or even only if males have expressed CSB not after ASB.
Interestingly, additional in vivo experiments showed that a single injection of glutamate in the preoptic inhibits aromatase activity in the preoptic area after a 20 min delay and that the extra-cellular concentration of glutamate measured by in vivo microdialysis increases in the male quail POM while they are copulating with a female (C. de . This increase seems to be linked to the act of copulating sensu stricto and it was not clearly detected in birds who only interacted with the female but did not copulate nor in males who only saw the female and expressed RCSM (C. de . The increase in extracellular glutamate concentration was always seen in the first 3 min sample collected after a successful copulation but only if the dialysis probe was located within the boundaries of the POM. No increase was seen if the cannula was outside this nucleus. These data suggest that the decreases in aromatase activity that had been detected in preoptic explants maintained in vitro following addition of kainate or AMPA in the incubation medium also take place spontaneously in vivo during or immediately after copulation.
Aromatase activity versus estradiol concentrations
Seasonal changes in brain aromatase activity (e.g., (Foidart et al., 1998; Riters et al., 2001; Soma et al., 2003) ) are often considered as a proxy of changes in availability of estrogens in the brain and this assumption is probably correct even if it was rarely tested. A few studies suggest, however, that this correlation is less than perfect when considering short-term variations. It was shown in song sparrows that aggressive interactions during a simulated territorial intrusion significantly decrease estrogen concentrations in several brain nuclei including the VMH and the BST, but there was no concomitant change in aromatase activity in the contralateral hemisphere (Charlier et al., 2011b) .
Similar discrepancies were observed in male Japanese quail, in which aromatase activity and estradiol concentrations were measured in the same subjects, one on each brain side (in microdissected POM pooled with BST and in the mediobasal hypothalamus) 5 min after subjects had been allowed to copulate with a female or 15 min after they had been exposed to an acute stress, two conditions known to affect aromatase activity (de Bournonville et al., 2013; Dickens et al., 2011) . For example, in this experiment stress markedly increased aromatase activity in the POM/BST as shown previously (Dickens et al., 2011) , but estradiol concentrations decreased in the contralateral sample (Dickens et al., 2014) .
Since our work with glutamate in vivo microdialysis had clearly demonstrated that it is possible to follow neurochemical changes on line in the POM of male quail while they copulate, we wondered whether changes in estradiol concentration could be assessed in this way. Work performed in zebra finches had suggested this could be the case: large changes in extracellular E2 concentrations can be detected by in vivo microdialysis in the auditory telencephalon of freely behaving birds exposed to conspecific songs (Remage-Healey et al., 2008 . Ongoing in vivo microdialysis experiments in quail have confirmed this feasibility and demonstrate that there is within 10 min after copulation a relatively large (1.5-3 X) increase in the concentration of E2 collected in the dialysate indicating either a massive release of E2 or a drastic inhibition of E2 catabolism in the extracellular space (M.P. de . Data available so far seem to indicate that this increase of E2 concentrations in the dialysate is also observed when males are allowed to view a female and express RCSMs without having the possibility of copulating with her. These endocrine responses seem to crucially depend, as might be expected, on the exact anatomical location of the probe and additional ongoing work is currently devoted to the analysis of this relationship. Nevertheless, these data highlight the complexity of the mechanisms regulating rapid changes in local E2 brain concentrations. How these complex mechanisms potentially interact with the activation of sexual behavior will be discussed in the concluding section.
Conclusions
The dual action of estrogens
Studies summarized in this review demonstrate that treatment of male quail with an aromatase inhibitor decreases within 15-30 min the expression of appetitive sexual behaviors without affecting directly the copulatory performance (Fig. 4A-C) . The expression of ASB, but not of CSB, can however be restored if birds receive in addition an injection of E2 15 min before the test (Fig. 4A-B) and similar results are obtained with E2-biotin which cannot penetrate the cells or with the ERβ agonist DPN, indicating that these effects are mediated by ERβ located at the cell membrane that acts by trans-activating mGluR1a receptors (Seredynski et al., 2013 (Seredynski et al., , 2015 . These studies suggest that ASB and the underlying sexual motivation are rapidly activated by membrane-initiated effects of E2, whereas activation of CSB requires a longer exposure to this steroid which is thus probably acting via the "classical" genomic mechanism. This difference between the endocrine controls of appetitive and consummatory aspects of male sexual behavior combined with the differences in the anatomical sites controlling these two aspects of behavior (see lesion and Fos studies in Section 5) confirm the notion that, even though the expression of ASB and CSB are positively correlated in time for obvious functional reasons, their control relies on somewhat different, but related, neuroendocrine mechanisms. This idea was recently confirmed in the field of feeding control by elegant in vivo calcium imaging studies of freely behaving mice demonstrating that different sets of neurons located in the lateral hypothalamus independently encode the motivation to eat and the control food consumption per se (Jennings et al., 2015) . The distinction between appetitive and consummatory aspects of behavior, despite its limitations (see Section 1), thus remains useful in the fine analysis of brain mechanisms mediating the expression of behaviors clearly linked to survival and reproduction such as food and water intake, salt appetite and reproductive behaviors. These behaviors are often referred to as species-typical in nature and have historically been referred to as instinctive behavior (Lorenz, 1937) though this description should be used with caution as it often connotes aspects of behavioral control that are not true or have not been tested.
In the context of behavioral neuroendocrinology, the data summarized in this review formed the basis of the dual action of estrogen hypothesis suggesting that consummatory aspects of male quail sexual behavior are largely controlled by slow genomic actions of estrogens (presumably mediated by ERα), whereas motivation would depend on faster actions initiated at the cell membrane through binding to ERβ . These data concerning male quail are consistent with studies of knock-out mice showing that ablation of ERα markedly disrupts the male ejaculatory performance, but leaves relatively intact the mount frequency (Lubahn et al., 1993; Ogawa et al., 1997 ) that could be considered as a form of appetitive behavior, whereas the double ERα ERβ knock-out abolishes all aspects of the behavior (Ogawa et al., 2000) . Alternative explanations related namely to the partial retention of ERα expression in the ERα-KO mice are, however, also possible and additional work using better tests for sexual motivation in males (mounts are a questionable measure of ASB, see Section 1) would be needed to characterize the neuroendocrine controls of appetitive sexual behavior in mice. We have argued that this dichotomy extends beyond the control of sexual behavior and might apply to phenomena such as drug addiction, learning and memory or song production in songbirds . Recent work in our laboratories brought support to this idea by demonstrating that the motivation to sing in canaries is rapidly affected by the injection of an aromatase inhibitor (Alward et al., 2016a) , while some aspects of song production are only affected after several days by a chronic treatment with testosterone that possibly acts via aromatization (Alward et al., 2016b (Alward et al., , 2017 Madison et al., 2015) (see Alward, Cornil, Balthazart and Ball, this issue) . More work should thus be devoted to the test of this hypothesis.
Opposite short-term changes in aromatase activity and E2 concentrations
A number of complex neuroendocrine and neurochemical changes take place in the brain of male quail as they interact with a female, but it is at present difficult to determine what are the causes or the consequences of behavior performance and how brain changes are interconnected. The changes have been studied either by collecting brains after various durations of sexual interaction (aromatase activity; Fig. 4C ) or by following changes in behaving animals with the use of in vivo microdialysis (E2 and glutamate concentrations; Fig. 4D-E) . The different methodologies and/or sensitivities of the assays limit the time resolution of these studies and it is therefore difficult, if not impossible, with the currently available techniques to determine the sequential order of the observed changes and thus what represents a potential cause or a consequence of the behavior. Fig. 4C to E comparatively presents these different time courses.
When a male quail copulates with a female there is a rapid decrease in preoptic aromatase activity (within 2-5 min) de Bournonville et al., 2013) but ongoing research has revealed that there is also an increase in local E2 concentrations as detected by in vivo microdialysis (within 10 min, the shortest duration that could be tested so far) (M.P. de . The higher concentration of glutamate associated with the greater sensitivity of the corresponding assay has allowed the demonstration that there is also in these conditions a sharp increase in glutamate concentration within 3 min of copulation with a female (C. de Bournonville et al., 2017). We wondered whether these neuroendocrine or neurochemical changes might also take place after simply viewing a female and expressing RCSMs. This is very probably not the case for glutamate (C. de Bournonville et al., 2017) but this seems likely, even if not completely clear, in the case of aromatase activity de Bournonville et al., 2013) and of E2, although the idea has not yet been properly tested in this latter case. This raises the questions of what is the cause and what is the consequence, and why changes in opposite directions are observed for aromatase activity and E2 concentration?
The extracellular glutamate concentration increases in < 3 min in copulating males, i.e., potentially before the initial drop in aromatase activity. Given that glutamate or glutamate agonists inhibit preoptic aromatase activity both in vitro and in vivo (C. de , it appears very likely that this increase in glutamate is responsible, at least in part, for the subsequent decrease in aromatase activity. This cannot, however, be the only mechanism controlling the decrease in enzymatic activity since some decrease has been observed in males visually exposed to females, but not allowed to copulate with them, while glutamate does not seem to be modified in these conditions. The potential interactions of glutamate and aromatase . Schematic representation of the rapid effects of an acute treatment with an aromatase activity (AA) inhibitor or with exogenous estradiol (E2) on the performance of appetitive and consummatory sexual behavior (ASB and CSB respectively) (panels A-B) and of the neuroendocrine and neurochemical changes that take place in the preoptic area during and immediately after expression of CSB (panels C-E). The X axis is graduated in minutes. Dotted parts of the red curves in D indicate that, due to technical limitations, we do not know how quickly the changes in E2 concentrations take place after the first interaction with a female nor how long this elevation lasts after 30 min.
activity have been fully considered previously (C. de and this discussion will not be reiterated here. The decrease of aromatase activity observed after expression of sexual activity de Bournonville et al., 2013) and our recent observation that extracellular concentrations of E2 increase roughly at the same time (M.P. de raise an entire new set of questions. Four groups of potential explanations could reconcile these observations. First, at the purely technical level, it should be noted that the aromatase assay is performed on homogenized tissue where the enzyme is exposed to a milieu (the homogenized cell) that no longer represents its in vivo micro-environment. The assay is also performed in optimized conditions in terms of pH, temperature, ions and co-factors (Baillien and Balthazart, 1997) , that were probably not present in vivo. The collection and dissection of brain tissue is also probably associated with a massive release of neurotransmitters such as glutamate that affect aromatase activity. It is thus possible that the aromatase activity measured ex vivo in micro-dissected preoptic areas does not reflect the enzymatic activity that was present in vivo.
Secondly, the time resolution of available techniques does not allow us to determine the specific order in which these changes are initiated or in other terms whether the E2 increase precedes or follows the decrease in aromatase activity. It is therefore possible that expression of sexual behavior or the simple view of a female first induces a release of E2, which subsequently exerts a negative feedback on aromatase activity. Unpublished preliminary work from our laboratory suggests that E2 can indeed rapidly inhibit aromatase activity in preoptic explants maintained in vitro (Balthazart J. and Baillien M, unpublished data) , making this scenario plausible.
Thirdly, the release of E2 might be causally associated with an inhibition of aromatase activity. Electron microscopic studies have indeed demonstrated that aromatase immunoreactivity is associated with vesicles in presynaptic boutons (Naftolin et al., 1996) . Although this has never been studied, the release of E2 might involve, as is the case for neurotransmitters, the apposition and opening of these vesicles to the synaptic membrane. This scenario might seem unrealistic because steroids are supposed to diffuse freely through cells and membranes due to their lipophilic nature, but there is actually evidence that in drosophila release of the steroid hormone ecdysone is mediated through a calcium-regulated vesicular trafficking mechanism (Yamanaka et al., 2015) . Such a mechanism would putatively expose the enzyme to the extracellular milieu and this new micro-environment would inhibit its activity. The two events would thus be concomitant. These different scenarios are in theory testable even if this would be technically challenging. Finally, it is also possible that aromatase activity is actually not altered in vivo by sexual interaction but that the catabolism of locally produced estrogens is diminished thus leading to an overall increase in local estrogen concentration. It has to be reminded that aromatase is a multifunctional enzyme which, besides its estrogen synthase activity, also acts as a 2-hydroxylase on estrogens (Osawa et al., 1993) . It is thus not inconceivable that changes in the phosphorylation state of the enzyme or of the pH it is exposed to (maybe consequent to the exposition of the enzyme to the extracellular milieu as suggested above) result in a switch from its estrogen synthase activity to its estrogen hydroxylase activity. Such a switch in enzymatic function is not unprecedented (Osawa et al., 1993) and could be misinterpreted as a rise in estrogen synthase activity when measured in optimized in vitro conditions as previously suggested (Dickens et al., 2014) .
Behavioral significance of rapid changes in local aromatase activity and E2 concentrations
Additional questions concern the potential role of the neuroendocrine changes that have been detected: are these local changes in aromatase activity and E2 concentrations only consequences of the behavioral interactions that have no direct role in behavioral activation or are they playing a direct role in the control of ongoing behavior? The two putative scenarios are presented schematically in Fig. 5 .
Based on the first hypothesis, one could assume that changes in E2 are not needed for the full expression of both the appetitive and consummatory phases of male sexual behavior. Local aromatase activity and E2 concentrations would be chronically elevated, possibly as a consequence of several centuries of breeding selection to enhance reproductive capacities of quail. This high concentration of estrogens would chronically activate the circuits mediating consummatory sexual behavior via their interaction with nuclear ERα or ERβ and the circuit controlling sexual motivation by the ERβ-dependent membrane-initiated actions described in Section 6. The performance of CSB would induce a release of glutamate and of additional E2 and both would exert a negative feedback on aromatase activity leading to its decrease and in the subsequent termination of the transient E2 elevation. In this scenario, the increased E2 would have no impact on the expression of ASB and CSB, as it occurs after behavior has taken place, but it might play another role such as improving aspects of sexual performance including motor or cognitive learning. Estrogens are indeed well known for their role in the control of memory both in the long-and in the short-term (Choleris et al., 2012; Fortress and Frick, 2014; Frick et al., 2011; Inagaki et al., 2010; Li et al., 2004; Ronnekleiv and Kelly, 2009 ). On the other hand, the expression of male sexual behavior, although considered as essentially "instinctive" is like many so-called 'instinctive' behaviors improved by experience and features such as the orientation during copulation (young males often mount females in an improper orientation with their head facing the female tail) or the copulatory efficiency and speed greatly improve with experience. Besides these effects on the motor performance, E2 could also improve cognitive aspects of the behavior such as sexual partner recognition. It is therefore conceivable that estrogens released during copulation could enhance sexual learning. This release of E2 would then be functionally more important and possibly more prominent in young inexperienced subjects than in fully mature experienced birds and this notion could easily be experimentally tested. In this context, the E2 released after copulation would play a role similar to the increased expression of Fos also observed after copulation that was experimentally shown to improve aspects of sexual learning in quail (Niessen et al., 2013) .
Under the second hypothesis, aromatase and E2 concentrations in the brain would be the same as in the first case in absolute values but functionally they would be too low to fully activate behaviors. This concentration would be sufficient to activate the copulatory behavior via genomic mechanisms but not to stimulate the sexual motivation. The visual access to the female would induce an increase in local E2 brain concentrations, possibly resulting from a rapid up-regulation of aromatase activity or through changes in estrogens catabolism (although these last two facts have never been demonstrated). This increased estrogen concentration would then rapidly boost sexual motivation leading indirectly to the expression of male copulatory behavior. Such a mechanism would be reminiscent of the Challenge Hypothesis according to which a baseline concentration of testosterone present during the breeding season would allow the activation of most aspects of reproductive behavior but an additional peak triggered by interactions with another male would be needed to fully activate aggressive behavior (Wingfield et al., 1990) . Copulation sensu stricto might be activated by the baseline concentration of E2 but a higher concentration transiently produced in response to the view of a female might be needed to activate sexual motivation and thus bring the mates together. The subsequent release of glutamate alone or in cooperation with the enhanced E2 concentrations would then, like in the other scenario, inhibit aromatase activity and lead to the return of the baseline conditions.
It should be noted that in both scenarios, glutamate is released immediately after copulation, which is well established in quail (C. de Bournonville et al., 2017) and rats (Dominguez et al., 2006) . This transmitter potentially plays a role in the control of aromatase (inhibition) and in the control of sexual behavior (stimulation) as discussed previously in detail (C. de . These opposite effects on aromatase activity and sexual behavior might at first sight appear contradictory since aromatase produces estrogens that acutely stimulate behavior expression. However, both effects are probably mediated by different receptor types (kainate and AMPA receptors for aromatase: Remage-Healey et al., 2008) ; NMDA receptors for behavior: (Dominguez et al., 2007; Vigdorchik et al., 2012) ) and after different latencies. In rats, glutamate increases sexual behavior within a few min (Vigdorchik et al., 2012) whereas the inhibitory effects of kainate on aromatase activity were observed in vivo after 20 min (C. de and only reached their maximum in vitro after 15 min although they were already significant after 5 min . The higher affinity of glutamate for NMDA receptors as compared to AMPA and kainate receptors (Hollmann and Heinemann, 1994) could contribute to this differential time-course (see C. de Bournonville et al., 2017 for detail).
In conclusion, studies reviewed here demonstrate that appetitive aspects of male sexual behavior in quail are controlled by neuroendocrine mechanisms that differ to some extent from those controlling sexual performance. Functions of E2 have thus evolved to regulate different behavioral components of sexual behavior (motivation vs. performance) in distinct temporal domains (long-vs. short-term) so that diverse reproductive activities can be properly coordinated to ensure successful reproduction. The expression of these behaviors is concomitant with complex neuroendocrine and neurochemical changes (extracellular dopamine is also affected although this aspect is not discussed here, see (Kleitz-Nelson et al., 2010b , 2010c ) but it is difficult at this point to determine the exact chain of causal events linking all the behavioral and brain changes. Available studies nevertheless demonstrate that brain functioning and in particular estrogen production and actions are more plastic than previously anticipated. This realization opens new exciting avenues of research that should in the near future allow us to identify the contribution of steroids to the control of minute by minute changes in behavior. 
E2
In adult males, E2 is high enough to activate the circuitry mediating CSB but not sexual motivation. E2 increases when a male sees a female which increases motivation leading to ASB and CSB.
Red= Never demonstrated
In adult males, E2 is high enough to activate ASB and CSB. E2 increase does not enhance behavior but improves sexual learning . AA decrease is due to E2 or Glu release. Fig. 5 . Schematic presentation of two putative scenarios that link in a causal manner the neuroendocrine and neurochemical changes that take place in the preoptic area during and immediately after expression of sexual behavior and the control of appetitive and consummatory components of male sexual behavior in quail. In both hypotheses, the baseline aromatase activity (AA) and E2 concentration is the same but under the first hypothesis this concentration of E2 is sufficient to activate both ASB and CSB while under the second hypothesis, only CSB is activated at this concentration of E2 and an additional release induced by the view of a female is needed to activate ASB.
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